A B S T R A C T In systemic infections caused by Hemophilus influenzae, type b, the capsular polysaccharide, polyribophosphate, is released into the circulation. Polyribophosphate was quantitated in serial serum and cerebrospinal fluid samples from 45 children with H. influenzae, type b meningitis by means of a radiolabeled antigen-binding inhibition assay. Polyribophosphate was regularly found in acute serum and cerebrospinal fluid samples and could be detected in unbound form for periods of 1-30 days after initiation of effective therapy. Complexes of polyribophosphate dissociable with acid and pepsin were detected in serum samples from 17 patients, in one case for a period of 145 days after hospitalization. Polyribophosphate levels and patterns of clearance were studied in relation to hospital course and antibody response. Patients with prolonged antigenemia had protracted fevers and severe neurological symptoms during hospitalization, frequently with focal complications. Antipolyribophosphate antibody responses were detected during the first 100 days of convalescence by radioimmunoassay in 79% of the patients studied, including 60% of the children 1 yr or less in age. The intensity of antibody response although clearly related to the age of the patient, was more reliably predicted by the efficiency of antigen clearance. Antibody responses were uniformly of low magnitude in patients with prolonged antigenemia, irrespective of age. Paients who failed to develop antibody to polyribophosphate after meningitis also exhibited impaired antigen clearance. These studies suggest that mechanisms necessary for clearance of polyribophosphate may influence
INTRODUCTION
Evidence derived from several decades of clinical and experimental investigation of Hemophilus influenzae, type b have led to the identification of the capsular polysaccharide, polyribophosphate, (PRP)' as the critical virulence factor in systemic infection, and have demonstrated that passive immunization with antibody to this antigen is effective in the prevention and treatment of such infections (1) . Seroepidemiologic surveys have shown that the human immune response to clinical infection and to asymptomatic carriage of the organism usually includes the development of antibodies to the PRP component (2, 3) . Due in part to interest in whether active immunization with PRP might be protective, recent studies have examined the response to infection with particular interest in the anti-PRP antibodies produced in children J-3-yr old, the age group most susceptible to systemic infections. Thus, Schneerson et al. found antibody responses measurable by passive hemagglutination in all of 45 patients with systemic infections, including 11 children in the 1st and 5 in the 2nd yr of life (4) . Using a similar technique however, this laboratory and others have found antibody responses to be frequent in older children but rare in those under 2 yr of age (5) (6) (7) . Based on these observations, Norden et al. suggested the younger children might be immunologically paralyzed (6) . PRP is released from the bacilli during infection, and immunological detection of the antigen in cerebrospinal fluid (CSF) has been used for rapid diagnosis of meningitis (1, (8) (9) (10) (11) . Elevated concentrations of PRP in the CSF at admission have been found to be prognostic of a difficult clinical course (10, 12) .
The present study has employed tritium-labeled PRP in the development of assays of antibody and antigen more sensitive than heretofore used with infected patients. These techniques have been used to study the elaboration and clearance of circulating PRP during the course of infection, and to examine the relation of antigenemia to the clinical course and to the antibody response. Further study of the relation of antibody response to the age of the infected child was deemed worthwhile for resolution of the apparent disagreement in published observations mentioned above and for its possible relevance to the feasibility of active immunization with PRP in infancy.
METHODS

of the 70 children admitted to the Children's Hospital
Medical Center with H. infloeialac b meningitis in [1970] [1971] [1972] comprised the study population. In each case, the diagnosis was made by serologic typing of the H. influiecnvae isolated from CSF or blood. Ampicillin was administered intravenously, usually in a dosage of 300 mg/kg per day, for at least 10 days or until clinical parameters of infection and abnormal CSF findings had resolved. Signs and symptoms of each patient before hospitalization, at admission, and during the hospital course were summarized. Specifically noted were fever, neurologic and cardiovascular symptoms, the presence of subdural effusions and potential chronic foci of infection, such as sinusitis, mastoiditis, arthritis or pneumonia; chemical and cytologic abnormalities of the CSF and of blood were also recorded. A patient was judged to have a severe presentation if he was admitted in a coma or stupor, was responsive only to deep pain, or was in status epilepticus or shock. A patient's hospital course was defined as severe if marked by coma of more than 24 h duration, recurrent or poorly controlled seizures, cranial or peripheral motor nerve dificits, ataxia or deafness persisting throughout hospitalization, periods of apnea, or subdural effusions requiring multiple taps or surgical intervention.
Clinical samples. CSF samples used for PRP assays were collected aseptically; cells and bacteria were sedimented by centrifugation for 2.5 mm in an Eppendorf centrifuge at 8,000 g. The cell-free supernate was stored in sterile containers at -70'C without preservatives. Blood samples were obtained by venipuncture and the serum stored as above. Sequential serum samples were obtained from all children when feasible, but volumes (lid not always suffice for all analyses; thus the number of observations presented may be fewer than the total number of patients. Urine samples were collected without preservative and were stored as above.
In11n1uillological reagcnts anzd ml thods. The PRP preparation employed has been described elsewhere (13) . Anti-PRP antibody activity was determined by a double-label modification (14) of the radioantigen-binding technique of Farr (15) , using 'H-labeled PRP and 3Cl-as a volume marker. Details of the technique have been described (16 (17, 18) . RESULTS PRP in body fluids. Of specimens obtained on admission, free PRP was detected in the serum of 34 of 38 cases, and in 11 of 12 CSFs. These CSFs included samples from two of the four patients without detectable PRP in the serum; both were positive. The one patient lacking detectable PRP in his CSF had a serum concentration of 500 ng/ml PRP, consistent with a culture-documented bacteremia. Thus, PRP was detectable in either serum or CSF in each of the 36 patients suitably studied. The concentration of PRP in serum and CSF samples ranged from 1-1,100 ng/ml, with median concentrations of 25 ng/ml in serum and 28 ng/ml in CSF. While the CSF level exceeded that in matched serum samples in 7 of the 10 cases studied, the ratio of CSF/serum PRP concentrations varied from 0.001 to 238.
Free PRP was detectable in serum for up to 30 days after hospitalization. The antigen was detected only on hospital day 1 in 27 children, in 5 children for 2-9 days, in 9 for 10-19 days, and in 2 for 20 or more days.
One determinant of the duration of antigenemia was the serum concentration of PRP attained in the course of infection. Patients with antigenemia for 3 or more days after hospitalization had higher concentrations of PRP in their admission serum (mean = 60 ng/ml) than the patients effecting clearance during the first 2 days of hospitalization (mean = 4.3 ng/ml). This difference was quite significant (P < 0.0005) but not absolute, since two patients with relatively low levels of PRP initially (<40 ng/ml) exhibited delayed antigen clearance.
The kinetics of antigen clearance exhibit at least two patterns suggesting that additional factors affect antigen elimination. As shown in Fig. 1 , the concentration of antigen declined exponentially during the first 2 hospital days in all but two of the cases. The rate of decline, however, was distinctly slower in the group of patients effecting delayed clearance. In one patient, an initial precipitous decline in PRP concentration was followed by a slow resolution to undetectable levels.
In certain samples from 12 of the 45 patients, PRP was detected in the form of a complex digestable with acid-pepsin. The complex was detected in concentrations of 1.5-60 ng/ml for periods ranging from 1 to 145 days after admission. Generally (10 of 12 patients), free antigen was detected in early samples, the complexed PRP appearing thereafter (Fig. 8) . In each case, complex was detected at the time of development of detectable net antibody and thus presumably represents an immune complex. < 0.5-1,100 ng/ml) while that in patients with moderate or mild symptoms was 10 ng/ml (range: < 0.5-140 ng/ml) (P < 0.005) (Fig. 2) . The geometric mean of serum concentrations of those with severe hospital courses was 59 ng/ml (range 0.5-1,100) while that of the other patients was 13.5 ng/ml (range 0.5-500) (P < 0.05) (Fig. 2) . Seven of eight children with admission serum concentrations of <40 ng/ml had relatively benign hospital courses.
As shown in Fig. 3 , the duration of antigenemia in patients with a severe hospital course was prolonged (geometric mean of 7.9 days) when compared with that of patients with less severe courses (geometric mean of 2.0 days) (P <0.0025). Of 21 children who were antigen-free by hospital day 2, only 2 had severe courses. Duration of free antigenemia and the number of febrile hospital days, were also positively associated with a correlation coefficient of 0.39, (P < 0.005). When the duration of antigenemia was redefined in terms of total PRP, i.e., free and complexed PRP, the correlation between antigenemia and clinical course was even more striking. Patients with severe clinical courses had a mean period of antigenemia of 16.5 days, while those with a relatively benign course had a mean period of 2.5 days (P < 0.001).
16 of the 45 patients had complications of their disease or possible chronic foci of infection. Seven patients had proven subdural effusions, one of which was cul- AT gitis including high fever and vomiting for 2 or more days before hospitalization, another had received 14 days of oral Ampicillin for otitis media. The serum concentration of PRP was undetectable or exceedingly low (<4 ng/ml) in five of the seven, and was cleared in the 1st day of treatment in each case. In the one patient with a serum antibody level of 100 ng/ml, 86% of the PRP detectable in the serum was in the form of complex. It is thus likely that at the time of admission these patients were already clearing antigen from the circulation and mounting an immune response.
44 of the 45 patients were followed through maximal development of their immune response, or for at least 100 days after hospitalization. Some were evaluated for periods of up to 600 days. Fig. 5B presents the maximum antibody concentrations observed during the first 100 days of follow-up. Only 3 of the 44 patients had maximum antibody levels that were lower than the mean for age-matched healthy children. The magnitude of the antibody response was directly correlated with the age of the patient (Fig. 5B) (r = 0.30, P < 0.05). However, as shown in Fig. 6 , a more impressive inverse correlation was found between the duration of antigenemia, regardless of the age of the patient, and the magnitude of the immune response (r =-0.66, P < 0.001).
Analysis of circulating free and complexed antigen and antibody in sequential serum samples revealed two patterns of response. Fig. 7 presents an example of the response seen in 19 (52%) of the 36 patients serially examined. There was rapid clearance of PRP within the first 24-48 h followed by a prompt, and frequently rapid development of antibody to peak concentrations which exceeded 400 ng/ml (the mean anti-PRP antibody level in normal, presumably immune 5-yr-old children) in 16 of the children.
The patients presented in Fig. 8 ) (geometric mean= 52 ng/ml) the highest antibody level detected in the first 100 days of convalescence being 310 ng anti-PRP/ml. Of the six children who failed to develop a detectable increase in antibody in response to infection, five were adequately studied for antigen clearance, and were each found to have had prolonged antigenemia. Two of these patients 100 and 150 days after hospitalization have yet to show any response (e.g. Fig. 9 ), and currently maintain levels of 23 ng/nml and less than 7 ng/ml anti-PRP antibody, respectively.
Three patients developed low levels of anti-PRP activity 234, 284, and 431 days after hospitalization, indicating at least their capacity to respond to antigenic stimulation. The sixth patient who failed to respond to infection did develop antibody after immunization with a 25-,ug dose of PRP 50 days after hospitalization. 0-----0 Free PRP P . , ' . , Ind coccal polysaccharide are rapidly cleared from the circulation within 24 h (26) . In contrast, administration of "paralytic" doses of 1 mg of type II pneumococcal polysaccharide results in persistence resistance of low levels of polysaccharide in the circulation for periods in excess of 100 days (27) . Similar features of clearance were observed in our patients. About one-half of the children with H. influenzvae b meningitis cleared free PRP from the serum within 24 h; the duration of antigenemia in the other children varied, and was often prolonged especially in patients with very high circulating levels of PRP on admission. The mechanism of clearance has not been defined. It is clearly related to the patient's age, older children being more effective in eliminating antigenemia. The lack of a significant correlation between age and initial serum and CSF antigen concentrations suggests that the prolonged antigenemia observed in younger children does not result from greater quantities of invading bacteria. Antibody is known to facilitate elimination of pneumococcal polysaccharide injected into mice (26) , and probably played a role in the clearance of PRP from certain children, particularly the older ones. Other mechanisms must also be important, however, for the initial exponential phase of clearance began in patients before the appearance of antibody or complex, and PRP was cleared from the circulation of children who never produced detectable antibody. In this regard, the role of the reticuloendothelial system in PRP clearance deserves careful evaluation. Kaplan et al. (28) showed that pneumococcal polysaccharides are preferentially taken up by fixed macrophages, and may remain in the reticuloendothelial system for prolonged periods of time. Subsequent studies (29, 30) demonstrated that these antigens persist in tissues in an immunogenic form. Howard et al. concluded from their studies that recirculation of pneumococcal polysaccharide from such nonmetabolized tissue stores was the basis for the chronic low-grade antigenemia observed in mice given a large dose of polysaccharide (27) . Whether these findings are applicable to the clearance of PRP in man will require further study. However, the kinetics of polysaccharide clearance observed in these animals are strikingly similar to those observed in our patients with sustained antigenemia. In view of the observed relationship between patient age and efficiency of clearance, the possibility of a developmental deficiency in macrophage function must be entertained.
In infections with Escherichia coli, the red cells have been found to adsorb bacterial antigens (31) . PRP binds to washed red cells in saline (8) For example, pancreatic RNAase degrades PRP in vitro (32) . Similar enzyme activity is found in human serum. The ultimate fate of the PRP has not been evaluated. Our experience with a few urine samples' and studies with pneumococcal antigens indicate that degraded polymer is excreted through the kidneys (33, 34) .
Many of these children had symptoms of respiratory illness or meningitis for significant intervals before hospitalization. It is reasonable to assume that most of them had exposure to H. influcnzac b before the collection of our initial serum specimens. Thus, antibody activity in those specimens might not have reflected the child's preinfection antibody status. The observation, therefore, that antibody activity was deficient or absent in most of the admission specimens supports the hypothesis that anti-PRP plays a role in natural immunity to H. influcwnzae b.
Significant increases in anti-PRP antibody concentration were detected in 38 of the 44 patients within 100 days of admission for treatment. Thus, most of the children, including those under 1 yr, were capable of immunologic response to infection. These results differ from those obtained when antibody activity was assayed by other methods (5-7). Differences reflect primarily the greater sensitivity of the radioimmunoassay.
(6 ng anti-PRP antibody/ml.) Bactericidal and hemagglutination assays have detection limits of approximately 1,000 and 500 ng/ml of antibody, respectively (17) . Our findings indicate that antibody responses are related directly to the patient's age and antigen load, and that free antibody is detected only after the clearance of PRP, which may take weeks. Since previous interpretations of the antibody responses of children with H. influeteiae b disease have generally been based on specimens collected on admission and 2-3 wk later, they may be incomplete (4) (5) (6) (7) . A cautionary note regarding the potential need for prolonged follow-up of serum specimens thus seems warranted.
Although the antibody response of most of the children was statistically significant, the concentration of anti-PRP antibody required for immunity to H. influenzae b is not known. In infant rats, experimentally infected (35) , protection by human anti-PRP antibody is demonstrable at concentrations as low as 40 ng/ml in the animals' serum. Estimates of the protective level in human infection are complicated by the possibility that antibodies to surface antigens other than PRP may play a role in naturally acquired immunity (36, 37) . The importance of anti-PRP antibody, however, is 'Unpublished observations. Circulating Polyribophosphate in Hemophilus influenzae, b Meningitis underscored by findings in two patients in the present study who developed a second systemic infection with H1. influctnac b within a year after recovery from their first. After the initial infection, both had had delayed clearance of PRP and low peak anti-PRP responses (38 and 44 ng/ml). In both patients, the anti-PRP antibody had dropped below the detectable level by the onset of the second infection. The second bacterial isolates were serologically distinguishable from the first. At the time of their second admissions, both patients had non-PRP-absorbable bactericidal antibodies directed against the initial infecting strains. However, no bactericidal activity was detected against the strains producing the second infections.
6 children, including 4 of 21 children 1 yr or less in age, failed to develop antibody to PRP in response to infection. Similar states of prolonged unresponsiveness have been readily induced in very young animals by administration of large doses of antigen (38) (39) (40) (41) (42) , the extreme and classical example being the state of immunologic paralysis to pneumococcal polysaccharide antigen described by Felton et al. (43) . It remains to be determined if any of these children were immunologically paralyzed in the sense of permanent absence of response to PRP. Four of the children who failed to respond within 100 days after infection did develop antibody late in convalesence, one in response to secondary immunization with a PRP vaccine. The other two cases have cleared circulating antigen but are without antibody 100 and 150 days after hospitalization. Delayed antigen clearance was a prominent feature in each of the six cases. The kinetics of antigen clearance and antibody response of certain of the children with no or low initial humoral responses resemble those describing a state of pseudo-paralysis distinguished by Howard et al. (44) , in which the absence of circulating antibody is due to trapping by circulating antigen followed by destruction of the trapped antibody and recycling of nonmetabolized antigen (27) . Such "pseudo-paralysis" would have different implications from permanent paralysis for young patients with systemic H. influenzae b disease. For example, the possibility of overcoming the antibody-binding activity of antigen by passive immunization would deserve consideration. Since children who will produce low or no antibody activity can be predicted by the presence of circulating antigen and the absence of free antibody on days 10-14 of hospitalization, the population at risk could be identified with some certainty. The potential of inducing an immune complex disorder by passive immunization must be considered, but such risks must be balanced against the apparent high chance of secondary disease in such children.
Comparison of the antibody response to PRP immunization to that developed after infection is of considerable interest. When 141 children 5-59-mo old were given single intramuscular injections of 0.67, 3.3, 17, or 67 jig of purified PRP, the frequency and magnitude of antibody increase was distinctly lower at 67 ig than at the intermediate doses. This dose effect, however, was largely confined to the children below 2 yr of age (45) . While the antigen dose rendered by infection cannot be determined from our data (owing to the uncertain dynamics of generation, degradation, and elimination), the duration of antigenemia might be taken as one reasonable estimate of dosage. Thus, in infection the higher "doses" were also generally accompanied by weaker antibody responses (Fig. 6 ). This finding, however, may bear only a superficial resemblance to the supraoptimal dose effect seen in vaccination, for the dose size in infection may not be an independent variable and may depend significantly upon the capacity for clearance (Fig. 1) .
Maturation of the capacity for antibody responses with age varies for different classes of antigens but is found to a certain degree with all. An increasing response to PRP vaccination among infants, children, and adults was first reported by Robbins et al. (46) . Our above-mentioned vaccination study corroborated this finding; further, the range of dose size employed permitted the age-response effect to be distinguished from the inhibitory effect of high doses upon younger children (45) infants 5-12-mo-old had increases within 6 wk after injection (45) ; (data included in Fig. SB (47, 48) .
The mechanism for this amplication of response is likely to include features of the carrier-hapten effect, in which the hapten-specific antibody response of bone marrow-derived lymphocytes is stimulated or amplified through the cooperation of thymus-derived lymphocytes sensitized to a carrier molecule (49) . Thus, the primary response to purified type III pneumococcal polysaccharide may be accentuated by immunization with polysaccharide coated on sheep red cells if the recipient animals have received prior immunization with the sheep red cell carrier (50) . Prior sensitization of the host with an unrelated bacterium such as Corynebacteriumt parzunt may also augment the antibody response to capsular polysaccharide (51), a phenomenon possibly related to the immunopotentiating effect of macrophages activated by intact bacteria. With gram-negative bacteria, the potential adjuvant action of cell wall lipopolysaccharides (52, 53) might also be involved.
The maximal incidence of H. inifluetzac b meningitis occurs in the 1st yr of life, and thus the optimal vaccination program would have to induce immunity in this age range. The present study suggests that, despite the apparent poor immunogenicity of purified PRP in infants, the antigen presented in more complex form might be effective. Support is thereby given to the hypothesis that enteric bacteria possessing antigens crossreactive with PRP are a source of natural immunization against H. influcizae b and potentially a means of vaccination (54) . Strongly encouraged also are efforts to sort out the contribution of the various components of H. influcnzac b to the primary immunogenicity of its capsular polysaccharide.
